Colloidal solutions of silver (AgNPs), gold (AuNPs), and platinum nanoparticles (PtNps) obtained under controlled conditions in an aqueous media by chemical methods were used as effective biosensors of biological compounds such as bombesins (BN). The BN adsorption at the metal/aqueous interface was investigated by surface-enhanced Raman scattering (SERS). Briefly, the spectral pattern of BN in the silver, gold, and platinum sols is strongly influenced by the indole ring vibrations of L-tryptophan at position 8 of the amino acid sequence (Trp 8 ). In addition, L-methionine (Met) at the C-terminus determines the BN adsorption, mainly onto the AuNPs and AgNPs surfaces.
INTRODUCTION
Nanoparticles are particles of microscopic size, having size below 100 nm in at least one dimension. They show a substantially greater the surface-area to volume ratio, what makes them better candidates than their bulk counterparts in the terms of their activity [1] [2] . Recently, metal nanoparticles, due to their properties, are widely used as antistatic materials, biosensors, conductive inks, adhesives for different electronics, and in switching devices [3] [4] [5] [6] .
Surface-enhanced Raman scattering (SERS) is a powerful tool for the characterization of molecule adsorption at a metal/liquid interface [7] . This technique has excellent frequency resolution and unique structural sensitivity at low molecule concentration due to amplification of the electromagnetic field generated by the localized surface plasmon excitation [8] . This provides information about these molecular fragments, which are in the metal vicinity or binding to the metal surface. Thus, it allows us to describe the mode of interaction between the investigated compound and metal surface [9] . The most-common metals used in SERS are those belonging to coinage metals (i.e., silver and gold) because their plasmon bands are in the visible and infrared wavelength regions. Although platinum has recently been applied as an alternative plasmonic material, its plasmon band is in the UV region [10] . These metals are most-often used in the form of colloids [11] , surfaces obtained in the repetitive electrochemical oxidation-reduction cycles (ORC) [12] , vapor-deposited metal island films [13] , and lithographyproduced nanostructures [14] .
In this work, bombesin (BN) was immobilized onto the aqueous solution/colloidal platinum (PtNPs, diameter of 10 nm), gold (AuNPs, diameter of 20 nm), and silver (AgNPs, diameter of 40 nm) nanoparticle interfaces [15, 16] , and the subsequent adsorption was investigated by SERS. Bombesin (pGlu-Gln-Arg-Leu-GlyAsn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH 2 , where pGlu denotes to 5-oxo-proline) is an endogenous neurotransmitter found in humans as well as many other mammals.
In humans, BN binds with a high affinity to bombesin receptor subtype 3 (BRS-3 and BB 3 receptor), a member of the G protein-coupled receptor superfamily [17] [18] [19] . These receptors activate a complex network of signalling pathways and biological responses, including hyperglycemia, hypertension, hyperinsulinemia, contraction of uterus, colon, or ileum, locomotor activity, and stimulation of gastric secretion. Also, it stimulates the growth of various tumor cell lines; for example, lung, prostate, stomach, pancreas, colon, and breast cancers. Such a large variety of BN biological functions has caused interest in understanding its adsorption at solid/liquid interfaces and the relationship between the BN function and structure [20] [21] [22] [23] [24] .
EXPERIMENTAL PART

Materials
A bombesin (BN) was purchased from Bachem Co., Switzerland, and used without further purification. A gold colloid solution (AuNPs, ~20 nm size, concentration: ~0.01% as HAuCl 4 ) was purchased from Sigma (Poland). A silver colloid solution (AgNPs, ~40 nm size) was purchased from Sigma (Poland).
Synthesis of platinum colloid
A solution of colloidal platinum nanoparticles was obtained by the reduction of platinum(II) chloride by ethylene glycol. Ethylene glycol also served as the reaction medium. The platinum nanoparticles (PtNPs) obtained with this method were separated from the reaction medium by repeated centrifugation and washing with distilled water [25] .
RS measurement
FT-Raman measurements were performed for a sample placed on a glass plate. The FT-Raman spectra were recorded on a Nicolet spectrometer (model NXR 9650) equipped in a liquid-nitrogen-cooled germanium detector. Typically, 1000 scans were collected, each with a resolution of 4 cm −1 . Excitation at 1064 nm was used from a continuum-wave Nd 3+ :YAG laser in a spectral range of 3650-450 cm −1 . The output laser power was maintained at 200 mW.
SERS measurements
The SERS spectra were collected using each of the platinum, silver, and gold sols from three different bottles. From each bottle, three sol samples of 40 μl were taken out and mixed with 20 μl of bombesin solution (10 −4 Mol/dm 3 ). The final peptide concentration was 3•10 −5 Mol/dm 3 . The mixture was incubated for 180 min; then, the 20 μl peptide/gold sol mixture was placed on the glass plate, and the SERS spectra were collected.
The SERS spectra were collected using an InVia Raman microspectrometer (Renishaw) equipped with an aircooled charge-coupled device (CCD) detector and a Leica microscope (50 × long-distance objective). The spectral resolution was set at 4 cm −1 . The 785 nm line of a diode laser was used as the excitation source. Laser power at the output was set at 40 mW. The typical exposure time for each SERS measurement was 40 s with six accumulations (a series of six spectra, each accumulated 40 s = 240 s). The obtained spectra were almost identical except for small differences in some band intensities (up to 4%). No spectral changes that could be associated with the sample decomposition were observed during these measurements. Figure 1 presents the FT-Raman spectrum (A) and SERS spectra of the bomesin deposited onto the surface of the colloidal nanoparticles of platinum (B), gold (C), and silver (D). Table 1 summarizes the wavenumbers and band allocations for the normal mode motions of the bands observed in these spectra. The bands assignment is based on our previous studies on the BN adsorption onto the surfaces of silver [15] and gold [16] .
RESULTS AND DISCUSSION
The SERS spectrum of BN in the platinum sol (Fig. 1B) . These bands show similar intensity as the Raman intensity; however, they are significantly broadened as compared with those in the BN FT-Raman spectrum (Fig. 1A) ( i.e., Δ fwhm1555 = 10 cm −1 , Δ fwhm1013 = 12 cm −1 , and Δ fwhm760 = 8 cm −1 ; fwhm -full-width at half maximum). Thus, it can be stated that the indole ring adopts a rather perpendicular orientation in respect to the PtNPs surface [26] . In addition, the weak C-S stretching vibrations at 715 (P C -T conformer) and 700 cm −1 (P C -G conformer) and the amide I band (α-helix) at 1671 cm −1 [27, 28] suggest that the Met's sidechain, being in two conformations, and amide bond participate in BN adsorption onto the PtNPs surface.
The SERS spectrum of BN immobilized onto the AuNPs surface (Fig. 1C) https://journals.agh.edu.pl/jcme through the C 2 =C 3 moiety in a way that allows the -CH 2 -of Trp 8 group to approach the AuNPs surface. Likewise, the -S-CH 3 Met's side-chain is directed towards AuNPs. This is manifested by the appearance of a very strong 713 cm −1 spectral feature (Δ fwhm = 25 cm −1 ). Therefore, it seems that the Met's side-chain, being in the PC-T conformation, binds to AuNPs [27, 28] . Also, the amide bond and imidazole ring of His 12 strongly interact with the AuNPs surface. This statement is based on observation of the 1519 cm −1 SERS signal due to the amide II mode and the 918 cm −1 spectral feature due to the His 12 oscillations [δ(ring)+δ (N 1 -H) ]. In the AgNPs sol (Fig. 1D), BN also binds ). Based on these band intensities and widths, it can be suggested that the indole ring (phenyl and pyrrole rings) of Trp adopts an edge-on orientation in respect to the AgNPs surface, wherein the pyrrole co-ring is located closer to the AgNPs surface. In this orientation, the N 1 -H bond of the pyrrole co-ring is strongly coordinated to this surface. On the other hand, the weak 1680 (random coil) and 1650 cm −1 (α-helix) spectral features due to the amide bond vibrations as well as the very strong 689 cm −1 band (P C -G conformer) due to the C-S bond vibrations pointed out that these molecular fragments participate in the interaction with AgNPs. 
Abbreviations: ν -stretching; ν as -antisymmetric stretching, ν s -symmetric stretching; δ -deformation; ρ oop -out-of-plane deformation; ρ ipb -in-plane deformation; δ -symmetric deformation; ρ ω -wagging; ρ b -bending; ρ r -rocking; and ρ τ -twisting vibrations; W -tryptphan modes; C A -the carbon atom of the amide bond; N A -the nitrogen atom of the amide bond; O A -the oxygen atom of the amide bond Table 1 Wavenumbers and proposed bands assignment for FT-Raman spectrum and SERS spectra of BN adsorbed onto the colloid platinum, gold, silver surface https://journals.agh.edu.pl/jcme
CONCLUSION
Colloidal solutions of silver, gold, and platinum nanoparticles obtained in controlled condition in an aqueous media by chemical methods were successfully used as effective biosensors of biological compounds such as bombesins (BN). The adsorption of BN at a metal/aqueous interface was investigated by surface-enhanced Raman scattering (SERS).
Based on the analysis of the SERS spectra, the following conclusions can be drawn:
• the Trp 8 residue is responsible for the peptide interaction with metal at the PtNP/aqueous, AuNPs/aqueous, and AgNPs/aqueous intefaces. However, the geometry of the indole ring with respect to the metal surface depends on the metal type;
• change of the metal surface causes changes in the manner and strength of binding of the peptide C-terminus to metal; • there is no evidence suggesting that the peptide N-terminus interacts with any studied biosensor.
